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"CHAPTIR I

THE PROELEM AND HISTORICAL BACKGROUND

In this chapter the pwpose of this experimental and analytiéal -
1ﬁvestigation of the flutter and divergence of large musses at the ends
of short struts 1s given. A few rerarks oa the iﬁportance of this
investigation follows. After a brief historical background, definitions»
of.the terms and symbols used in this paper are given. 'The cb;pter is

concluded with a summary of the organization of this paper., |

-Purpose of the invesgtigation. The purpose of tnis investigation is

to obtain experimental data on the flutter and divcrgence of large masses
at the ends of short struts and to compare these data with corresponding
analyses, Frlutter is an 6scill:s;tory agroelastic vphenomenon wlich involves
the interaction of agrodynamic, elastic, and inertia forces, and deals with
the conditions whereby an aircraft component can extract eunergy from the
surrounding air stream to an extent causing distortion or destruction. One
tyse of flutter consists of a coupled bending~torsion oscillation. Another
type of flutter consisting of a torsional instability sinzgle degrec of
fréedom will be referred to as torsional instability in this paper.
Divergence is the phenomenon in-which the aerodynamic moment is greatler

than the structural restoring moment. . -

Importance of the protlem. The protlem or flutter and diver:ence of

large masses at the ends of short struts has become of increasing importance.

For exarple, such problems arise witi. wing tanks wd jet engines suspended



2
from the wings of éreseﬁt—day high—-speed aireraft, and with certain miésile
designs that have power plants consisting of ram jets cutboard of the body.
with such use of these large masses, investigatlons of flutter and |

diverzence must be made so that precautionary neasures may be taken.

Historical backeround. Until recant years there was little study of
the prohlem of flutter or divergence of large masses at the ands of ahort.
struts. Innumerable investigatlions of wing flutter were made. As the
airplane speed was imrea.sed and its configuration changed (wing tanks,
etc.) investigations of flutter and divergence of wings with concentrated
wolghts and aerodynamic shapes were made. These studies always concarned

the conmbined effects cf the wing and the shape., The present work is an
attempt to isolate the aerodyna=zié 'effects of the shape. In order to do
this experimentally, tests were made of various shaped bodies at the ends
of short struts. These struts are so designed as to have negligible air

forces on them. -

Definition of terms and symbols. Flutter and divergence have already

been defined in a previous section. The following is a list of symbols and
their dei‘initions which will be encountered in this paper. In order that a
comparison may be mede by designers with data in this paper, all parameters
will be made nondimensional wlierever practical, Figure 1 shows the physical

significance of some of the parameters in the 1list of symbols .
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Figure 1.- Physical significance of some flutter parameters.
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elastic axls or axis of rotation position in percent chord

neasurcd from the leadingfedgu of the basic configuration

nondinensional coordinate of axis of rotallon from adldchord

2 X 2.8, _

center—of—gfd%i%ﬁiposipion in percent chord measured from the .
leading edge of the basic configurétiqnf'
location of the center of gravity measured from the e.2. and

positive to the roar of the e.a. g—fagig* -1-a

density of test medium, slugs per cubic foot
standard density of dry éir, slugs per cublic foot
dynamic pressure, pounds per square foot

Mach mumber

“pitching moment, foot pounds

.

mass of body at ends of strut, pounds second squared per foot

moment of inertia of the configuration about-the elastic axis,
‘inch pound seconds squared (Ig)

length of'basic\body of\révolution configuration, fect

darping coefficient . . : -

bending or translational deflection, inches

effective torsional spring constant, inch pounds ﬁér radian

effective bending spring coﬁstant, pounds per inch deflection

angle of attack, radians

“circular frequency, radians per second (2nf)

coupled natural ben&ing.freqdency, cycles per second

rd



. ’ 5
£ coupled natural torsion frequency, cyr.;les per second

a B,
fy, . frequeﬁcy at -which torsional instadbility occurs, cycles per
second | | |
fe frequency at which flutteé occurs, cycles per second
v ' speed,-reet per secénd
ve flutter speéd, fest per second
. V4 divergence speed, feet per sec?nd -
\3 torsional instability speed, feet per second
k reduced freguency parameter (bé/v)
X reduced frequency ﬁarameter'(hu/vj
L(x) total serodynamic force L(x) =P =Fy + F,
Fr, . aerodynanic force'due t0 translation of the body ’
F, serodynanlc force due to rotation of the body
M, aerodynamic moment due to rotation of the body
My, - asrodynanic moment due to translatiom of the body -

Or-anization of paper. This paper will first present a brief review

of other investigations of related problems. Following this review will be
statements of the experinental methods of procedure and sources of data.,
The data will then be presented followed by an analytical 1lnvestigation.
After comparisons of the analytical results with the experimental éata,

this paper will be concluded with a summary and conclusions.
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CHAPTER II
REVIDW OF RELATED STUDIES

In this chapter a review of related studies on the protlem of

flutter and divergence of large nasses is given. Nancs of other

. investigators of ralated problems are also presented.

Related studies. As previously mentiored in the historical

background, various investigationé of flutter and divergence of wings with
concentrated woizhts and aerodynamic shapes hatfg been made. These studles
are somowhat related to the present problem in that the wings may be |
cpnsidered as covered struts. However, in the previ'ous investigations the
masses of the weights were small compared to the mass of fhe wing. Also,
the aeromic shapes had snall surface areas compared to the surface area
of the wing. Thus the aerodynamic forces on the.wings were of much greater

magnitude than those forces on the mass or shape at the end of the wing.

1

“Other investigators of related problems. Runyan and Sewall™ have

made an extensive experimental investigation of the ef{fects of concentrated
weights on the flutter characteristics of a straight cantilever wing. The

effects of acrodynamic shape of concentrated weights on the flutter speed

2

of a straight cantilever wing were studied by Sewall and voolston.“ Both

-

1Harry L. Funyan and John L. Sewall, "Experimental Investigation of
the :ffects of Concentrated Weights on Flutter Characteristics of a Straight
Cantilever Wing." NACA TN 1594, June,15L8.

2John L. Sewall and Jonald S. Yoolston, "Prelirinary Experimental

Investigation 6f the Aerodynamic Shape of Concentrated Weights on Flutter

of a Straight Cantilever Wing." NACA RM L9E17, July, 15L9.

-
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studies concerned wing' flutter and did not isolate the flutter of the mass

or the shapa by itself.

L-d
L ]

If the forces on the aerodynamic bodies were known, thearetical
calculations could be made to determine whether flutter Yould occur. Munk
was one of the early investigatore of the forces on aarodynamic shapes-.
His studies were rtheoretic&l and showed that for symnetrical bodles of
revolution in steady state potential flow the;re would be no resultant 1414
force on the body. However, there would be a pitching moment. In & more
recent paper, Allen of the NACA presents cOmparisons of andlytically
derived lift and noment coefficients for the steady case to experimental
coefficients and showed excellent agreemcnt. His wdysia inél\'ides a term
to account for the viscosity of the ﬂuid, which results in a 1lift force -

where potential theory excludes it.

31!. M. Murk, "The !erocb'namic Forces on Airship Hulls,."
NACA Report 1S8L. .

3.
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CHAPTER III
METHODS OF FROCEDURE AND SOURCES OF DATA

In this chapter statements of the method 61‘ cbtaining experimsntal
flutter and divergence data utilizing a wind tunnel are made. The models

and instrumentation are discussed. The sources of data are also given.

A}

EXPERIMENTAL

. Use of the L.5 foot flutter tunnel. All tests wers conducted in the
L .5~-Foot Flutter Tunnel of the National Advisary Committee for,Aa-ona:dtice;
This tunnel is of the closed throéat single return type employing air or
Freon &t variable pressures, All e:t':perixnenta reparted herein wers
conducted in air. The top speed: reported in these tests is 335 fect per
. second, or a Mach mumber equal to 0.48. The Reynolds number réxrge was

6

los x 107 to 7.1 % 1060

Hedels. For this inw}estigatim two baslc configurations were used,
"~ The f{irst model configuration was a body of revolution whose contour was an
RACA 65020 airfoil section (Figure 2) mounted on struts. Its elastic axds
_position was varied by moving the body on the mounting struts. The struts
consisted of two rods suspended vertically from the tunnel, oné behind the
o£he;. The purpose of two rods was to glve a high natural frequency in a
fore and aft dii'ection c;rrq:ared to the bending and tcrs'ion fregquencies of
the modal configtr;-ation. Struts of various stiffnessgs vare used fear both

conflgurations,
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Configuration 2

Figure 2.- Dimensions of the two basic configurations and the test setup.
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The second model consisted of a vented tube whose length to dlameter
fat.io was the same as the edrfoil-shape& body, namely thirty inches bo ‘8ix
inches (Figufe 2). Its weight and inertisl propsrties were similar also.
the center-of-gravity positioﬁ could be varied by placing a flat ring
inside the tube at various locations:; The elastic axis position was |
changed by moving the tube on its supports, the supports remainin_g- stationary.
. Alterations to _the_aecbnd configuration were mads by adding various
shaped’noae and reai' Béctions (ﬁguré 3) to the open tube thus changing the

C«gss Iy, and body contour of the configuration.

/

Instrumentation. Electric resistance strain gages were glued to -the
roots of the supporting struts for measuring the strains due to bending
deﬂ.ectiona; By noting the phase between the bending of the forward strut
and the bending of the rearward strut, the mode of oscillation was
determined. The outputs of the sufatn gages were fed through amplifiers
and into & multiple channel recording oscillograph.

Tunnel speeds wers detexﬁined with the use of pressure recording

instrunents and then corrected with tunnel calibration correction factors.
EX?, RIMuliTAL DATA

Recordings. The chief source of data for this paper is the
oscillograph recordings of the strain signals., From these permanent
records, frequencies of oscillations were determined. The phasing of the

recorded sigmals indicated the motion of the body.



Hemisphere section

Flat plate section

Large cone section

Small cone section

Streamlined section

“!ﬂg"”

Figure 3.- Various nose and rear sections tested with the open tube,



Observations., In conjunction with all recordings, notes on -

-ébeer'vations wvere nade. For example, when an oscillation occurred wl'th
increasing amplitude t_hatl appeared to be made’ up of both bending and
torsion modes, it was called flutter. When no oscillation occurred,'r but
the model started to twist and then translated (in the bending direction)
over to the stops, it was called divergence. When the body underwent a
sustained torsional oscillation with no apparent translation and with no
tendency for the amplitude of tlds oscillation to increass to destructive

proportions, it was called torsional instability.



CHAPTIR IV
PRISENTATION AND DISCUSSION OF DATA - «.--

This chaoter doals with the present.ation and discussion of data

for three phenomena; flutter, divergence, and torsional instability.
FLUTTER

Effoct of density. Flutter was obtained on both basic coni'igurations.r
After obtaining the phenomenon by using sufficlently weak st.ruts y the eﬁ‘ect
of density of the test medium on the flutter speed and flutter frequency was
studied., These speeds, frequencies, and densities are plotted (Figures L-7)
as nondimensional coefficients.” Figure L shows the variation of flutter
speed with density for the adrfoil-shaced body. It may be seon in Flowre L
that the flutter speed coei‘ficient g—i— of thé body with the airfoll
section increases with decreasinc density. (An increaseé in altitude at’ |
wﬁich an aircraft is‘ £flying may te interpreted as a decrease in density.)
This flutter speed coefficient represents the speed at which an oscillation
coniposed of both bending and torsion, not in phase with each other, could
be seen. In general, at flutter the aplitude of the oscillation increased
vAth no increase in tunnel speed. The usual practice was to raduce the
tunnel speed as quickly as poss;ible at tho onget of flutter to preveat
poseible destruction of the model. ' | o

Figure 5 shows the variation of flutter frequency with density

for the zd.rfoil—shaped body. There aypeared to be little variation in the'

£
flutter frequency parametor E£ of the alrfoil-shaped body as the
) a

density was changed. This would indicate that in this speed range the



o
flutter frequency 01: the. closed body configuration would remain essentdally
constant and independsnt of the flutter speed. |

Figure 6 shows the variation 'of flutter speed with density for the
open tube configuration. In Figure 6 the flutter speod coefficient for the
open tubse 1s seen to increase-as the de;wity decreases. This coefficient 18
Jower than the corresponding coefficient of the airfoil-shaped body as seen
by compering Figure 6 with Figwre L. Figure 7 shows the variation of flutter
frequency with density for the open tube configuration. A corparison of
'Figure 7 with Figure 5 shows that the flutter frequency of the open tube is
ecméuhat higher than the corresponding parameter for the alxrfoil-shaped body.
- For ease in comparing values of t.he-tym configurations and to show other

parameters, Tables I and IT are presented.

Effect of genter—of-cravity location. The results of & series of

tests in wvhich movatle weights wcre used to vary the cgnter-of-gravity
position of the vented tube are given in Table III and shown in Figures 8
and 9. These changzes &affected the mass, inertia, and frequency paramncters,
It may be seen from Figures 8 and $ that when X the nondimensional
genter—of-gravit.ﬁr location, was positive, flutter was encountered, andr
when X  was negative, dlvergence occurreds A similar trend concet'ning"
flutter and divergence depending on tho relative position of the elastic
axis and center-of-gravity positions, for wings alone, was shown

theoretically in a simplified flutter speed formula by Theodorsen.h

,"T. Theordorsen, "General Theory of Aerodynamlc Instability and the
Mechanism of Flutter." NACA Report L96.
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Figure L4,- Variation of flﬁtter speed coefficient with density coefficient
for the airfoil-shaped body.
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Figure 5.- Variation of flutter frequency coefficient with density coef-
ficlent for the airfoil-shaped body.
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Fizure 6.- Variation of flutter speed coefficient with density coefficient
for the open-tube configuration.
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Figure 7.- Variation of flutter frequency coefficient with density coef-
ficient for the open-tube configuration.



TAELE 1

EFFECT OF DENSITY ON THE AIRFOYL-SHAPZD EODY OF REVOLUTIONS

£y £o/8, vy Y_f/hn“ p x 10"'2‘ ;:'/pO X, a
BExXpo. Exp. Ana, EXp_- EXpe Ana,
1.70 0.603 31 15.39 = 0.054 0,227 =0.,10 =0.08
1.79 .62 277 12.51° & 083 39 -0 -,08
1.1 .606 235 10.62 & .13 W75 -0 .08
1.69 0599 207 9.3,.1 * 0150 0631 ‘-.10 ‘008
10& 0567 187 - 80!}2 #' 0190 0799 -0 ‘008
- - - - - 172 7.76 » . - .2% 10051 --10' B -.08
*ao solution  f =120 £ = 282 I, =0.060 M= 0.1%1




TATLE IT

~ EFFECT OF DENSITY ON THE OPEN TUBE CONFIGURATION
ke, .

£y Le/2, Ve ' ve /b, p x 10~2 p/pO X, a
Exps Exp.  Ana. Exp.  Ana,
1.51  0.629 0.85 195 10.32 1016  0.055 0.231 0.k 00
1.5 J6k2 - 8L UT 746 6,22 0 112 RV« WG § T
1,58 658 .93 117 6.9 L2 155 652 Al 00
1.56 4650 9L 100 530 3L .235 988 A4 00
M = 0,110 £, = 1.37 £, =2.ko I, = 0.0844




TAOLE IIX

FLUTTER AND DIVERGINCE OF THZ VENTED TUBE WITH THE
CENTSR-OF~GRAVITY POSITION VARIED BY MOVING WEIGHTS

' N v | v | % |
. al M I £ Ll p/0n =
" o | f g | T | T | ol | B (B
Exp. |EXpe]Ana. Exp.| Ana.|Exp.
0.08 0 O.lth 000375 ¥ * 0076 S.h . 3010 0090 5o71 6035 - -
00[0} o] .0708|diverge 6519.2 3.1 90|~ - | 7.20{5.47
01)4 0 ' .lth 00957 5.50 0.67 i 078 8-2 3007 090 5073 50&3 - -
026 0 01580 01217 3* #* 095 70,41 3.01 590 6.06 500’4 --
036 0 01750 olh?S h.60 065 1006 7.0’J 2-81 090 6000 h079 - -
000 .1580 .1217 ¥ * .71 703 3000 090 6.78 8.63 - -
"o]-b o J?% Olh?s diverge 061‘ 608 2.83 090 - - 11082 7.95
"026 0 01580 31217 diverge 053 7.5 2096 090 - - 17.37 6-37
#*
Not obta.ined
TABLE III - (Continued)
X, Eﬁ Ve v V4 vg3 My
Ana. EXPe . Ana. Expe. Ana. ExXpe.
0.08 10.2 3 - k20 -- 671 0.33
«00 9.3 - - 513 396 671 -35
Olh 100’4_ 369 350 - - 671 . 032
.26 n.5 | 3853 293 - - 6T 2
Le36 12,1 331 265 -- yat .29
+00 1.7 389 L95 - - 671 3b
-1l 12,6 -- 635 L2k 671 37
"026 ll-h - - i 1022 . 375 671 03,4
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Figure 8.~ Variation of flutter speed and divergence speed coefficients
with nondimensional center-of-gravity position x4 for the open-

tube configuration.
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Figure 9.- Variation of flutter speed and divergence speed with

nondimensional center-of-gravity position for the open-tube
conf'iguration,
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The flutter speed coefficient -Ef—; is essentially independent of
the center-of-gravity location (F;gm‘ 8) for positive values of Xy when
the‘cont.er-of-g'avity position is 'varied as in these tests. As previously
mentioned, the location of weights determined the cent.er-of;gravlt.y position
and also changed the natural frequencles of the system. As the center-of-
gravity position was located further fron thevnd.dchord, the torsional .
frequency w, decreased. Thus, for the flutter speed coefficient to remain.
essen'daliy constant, the actusl flutter speed decreased, This decrease 1s
shown in Figure 9. It would appear beneficlal from a flutter standpoint to
have the center-of-gravity position at J.éas't as fa.r'fdrwa.nd as the axis of
rotation. When the cemter-of-gravity position is located zhead of the axis

of rotation other phenomena may become critical.
DIVERGENCE

Divergence speeds of the alrfoil shaped body were not deternined in '
this investigation. Random bending a.nd torsional oscillations of the
configuration using a weak set of struts 1imited the tost speeds to low
values. Using a stiffer set of struts, divérgence was not obtalned for
velocities in the range of the experimont (Hy wp to 0.48), However, the ~
dversence phenomena for the vented tube was obtalned experimentally.
Divergence speed coefficients for the vented tube are shown in Figure 8.
The dlvergence speed was obtained by holding the tube as close to zero angle
of ;ﬁtack as possible and increasing the airspeed in the tunnel until the
nodel translated to the stops. If conditions were such that flutter

occurred first, a dimgence spéed was not eobtained. Theory of wing
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divergence ipdicates the divarg:ence speed to 'be independent of c.g. ‘
positiox}. It mightr be expected for thé open tube divergence speeds to be -
independent of c.g. location, also. However, the divergcnce speed
coefﬁ.c;ie_nt would not be expected to remain constant since the lnertia, and
conseqixently the base frequency w, was varieds The actual divergence
speeds are shown in Figure 9. The scatter ln the data nizht -posaibly be
attributed to testing techniques, or to & mass-ratio effect (mass of tube
to mass of swrounding air), or twmel roughness. No divergence was
obtaimd for the aft locations of the oenﬂer-of-gravity position since
-flutter condit.:.ons were encomntered prior to divergence. Huwover, where
divergence was encountered, the data suggeat that the divergence speed is
independent of qenter-of.-'gravity location.

With stronger struts, no divergence speeds were obtained within the
limits of the test speeds encountered. When certain of the nose and rear
pections were placed on the tube, a single degres—of-freedom torsional
instabtdlity occurred. No divergence speeds were obtained f-or these

. configurations.
TORSIONAL IHSTABILITY FLUTTER

Torsional instadbility flutter is differentiated fraa flutter in that
the former refers to a’ single‘degree of freedom, usually an oscillation
. about the axis of rotation, and the later refers to a coupled oscillation
wherein two or more degrees of freedom are involved. Torsional instatility

was obtained on both configurations in this investization.
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Torsional instebility of the ajrfoil-shaped body. The tarsional

os_cillé.tion bf the airfoil-shaped body was observed to have greater
amplitude of motion for higher ai.rspeecis. However, destractive amplitudes
sere not encountered. Figure 10 shows the variation of the instability
frequency with alrspeed for the airfoil-shaped Body. The frequency of
osc;illa:ion was geen to decrease as the airsyeed was increased (shown also

in Table IV)C

Torsional instabilit; of the yented tube. No torsional instebllity

of the vented tube was encountered in these scries of tests.

Torsional irstability of the closed bube. A docrease in instability,

frequency was found for the configurations of the tube which exhibited the
torsional instability. The amplitude of motlon was alsc found to increase
with'increasing alrspeed., Table V is a 1isting of the different cqnfigura—

tions tested to obtain flutter data. Under tho headinz ¥, 1s the Kach

)
number ransze in which the oscillation occurred, or the maximunm Mach number
of the particular test. Under the heading £y are the torsional instability
frequency rangoes for ‘tha.t test. The configuration columns indicate which
section was used at. the front and rear of the tube., It may be noted that
all the conﬂgurations wit.h a hemisphere rear ssction exhibited the
instability whereas a blunt rear scction (cover plate) had a tendency to
eliminate this instabllity: Flimination of ‘the instability was also
obtained when using a large streamlined body for the rear sectlon.

A Suud of the effoct of density on the configwration with the

hemisphere nose and heniSphere rear sections was made.



TADLE IV

EFFECT OF AIRSPEED ON THE INSTABILITY FRIQU:NCY

OF THE AIRFOIL-SHAPED BODY

V. VAR
£y ftAna. £r/2q | vy Efg p/Po x, . a
9.25 9013 00916 299 3'76 0098 0 "0118
8.95 8.95 883 M0 Le29 97 o a8,
8477 8.50 868 387  L.88 96 0 28
847 8.13 4839 W3 558 .95 0 .18
8,06 7.57 7B %05 6,30 93 0 .18
7.75 7.8 .767 532 6,70 92 0 18
M = 0.1300 £y, = k.00 £, * 10.1 Ia = 0,0670
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Figure 10.- Variation of instability frequency with airspeed for the
airfoil-shaped body.
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TAHLE V

TUBE CONFIGURATIOHS_INVESTIGATED FOR TORSIONAL INSTABILITY

A

Test

Ky

MO CeBe Oy kt fh fa ft
1 0.8 - 50 50 16.9 97L2  6.43 17,8 ===~ =~
2  0.,20-0.2k 50 Lo  16.9 9742 5.85 1lhdi 142-13.9
3 0.L8 L8 o 16,9 972 585 Lk - ----
L 0435 50 Lo 16,9 97h2 S.91 i -~ = -
5 0Oh3 53 hO . 16-9 97h2 5061 12,9 bl
6 0,2-0,27 53 50 8.7 9095 La8 9.2 8.%8-8.34
7 0.4-0,20 %0 62 8.7 5095 L.3 0.2 10.3-10.1
8 002‘3“0037 hs . SO 8.7 %95 hoB’J 1009 - - = e
9  0.22-0.38 62 S0 8,7 5095 3.96 8.0 6.15
10 0039 62 72 807 w95 h.ll 705 -- - - -
1 0.21 50 23 Le2 2965 3.08 7.9  7.70-7.50
12 0.29 50 . 50 h.2 2965 3092 10 ol -----
13 0.20-0.,23 L8 Lo 16.9 97h2  5.86 1.7 1h.7
lh OOhT So i hD 16'09' 97&2 5087 113-9 - - o -
16 0.33 55 Lo 1649 97u2 5465 132 = w ===
17 0.19-0.27 & S0 8,7 5095 3.92 8.l 7.8
18 0.38 37 50 8.7 5095 L0 B0 == -=-
19 0.14-0.23 38 50 8.7 5095 3.92 T8 T7.5-Tel
20 0.43 IHY 50 8.7 5095 316 72 === -~-




TABLE V » (Contimued)

Teat Nosecomationnéar Rém‘_ar&:-”; o
l i None one Nothing
2 Hemlsphere Herdsphere Instability
3 Hemi sphere Cover plate ‘Nothing
L Bemisphere ' Small cone Ndﬁhing
5 Hemispheres Large cons Rot.tﬂ.né
6 Hemiaphere‘ Large cone Instability
7 Hemisphere Hemisphers Instability
8 Hemisphers Cover plate Intermittent instabdlity
9 Hemisphere Streanlined Intermittent instability
10 Hemisphere Streanlined Ithtent instability
1 Hemisphere Hemisphore Instability
V] None Nono Nothing |
13 Cover plate Heml sphere - Instability
1 Cover plate Cover plats Notling
15 Small cone Hemisphere Instabllity
16 Small cone Large cons Kothing
17 Cover plite Streanlined Internittent instability
18 Streamlined Cover plate Nothing
19 Streamlined -~  Hemisphere Instability
20 Streamlined Large cone Nothing

N
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Figure 11 shows the variation of instabillity speed with denait.y for
tho ve'nted tube conri uration with the hemisphere noge and rear sections.
It ie shown in Figure 11 and in Table VI that the instability speed
coefficieot % increased slowly from standard density to about one-half

standard density. Then as the density dec:_'eased, the instabilitr speed

" goefficlent increased ratfxér. rapidly. Figure 12.shows the variation of the
instability frequency with density for the wented tube ooofu;\motim with
the hemisphere nose and rear sec;oions. It may be seen thai the instability
frequency rmaihod ossentially constant at approximately 'obe natural
frequency of ‘dm conﬁguration. These some trends of an increase of flutter
speed coerficient with decreasing density s.nd constant torsionzl 1nstability
frequency with density were shoun in Figures L through 7 for the flutter of

both the airfoil- shaped body and the vented tube.



TABLE VI

EFFECT OF DENSITY Of THE INSTABILITY SPEED

OF THE OPEN TUBE CONFIGURATION

-———

vt'

. px10T%

£, fo/fy W & ooy, X5 8
1045 0.99 k23 5.07 0,023 © 0,097 O 0
1047 1.0 Ak 3.7 0l2 JA77 O 0
10,8 .99 233 2.80 061 257 0 0
1047 1,00 19k 234 .080 336 0 0
0.4 98 1M 2405 099 M6 o o
0.7 101 160 192 19 .00 0 0
10.7. 1.0 160 1.92 138 580 0 0
10,7 100 162 15k - 257 - b0 0 0
10,6 - < 1,00 - 152 1.82 a77 S o o
. 10.6 100 158 190, .196 B2 0o 0
2046 1.00 15 1.7 215 b 0 0
204 98 129 155 . .23 o o 0
H=0d315 &= B35 £, =106 I, = 0.2031
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Figure 11.- Variation of instability speed coefficlent with density
coefficient for the tube configuration with hemisphere nose and
rear sections.
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CHAPTIR V
ANALYTICAL INVESTIGATION

Analytical investigations based on the meager amount of existing
data are carried out for the three phenoneha f& which data was presented
in the preceding ch/apter, namely, flutter, divergence, and torsional
instability.

_ FLUTTER -

As previously defined, flutter is an dbscillatery aeroelastic
phenomenon involving the interaction of the asrodynamic, inertia, and
elastic forces. For both conflgurations the motion was observed_to be a
coupled oscillation which involved a rotation and a translatiqn of the
body, For this type of motion, the Qirferential equati‘ons that govern the
motion are. as follows: |

For torsion: =Igd - Sghi = Cga + M, =0 (1)

. For translation: =S,& - Mh - Cph + F, =0 ' (2)

The forces and moments acting on the closed body are illustrated in
Ficure 13, where S, = Mz and is positive when the c.g. 1s behind the
6.2., and the dot tenotes derivative with respect to ‘time.

The physical parameters directly related to tho body (mase, spring
constant, e.d. , Ceg+, etc.) are obtained from measuremonts. However, the
external aerodynanic farces, are, for the most part redundant, there being
a lack of experimental evidence as to their quantitative natures In

gonsral, there are two categories of forces; on the one hand, those forces
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3
that may be represented by potentdal flow theory, and on the other hand,
those forces associated with viscosity effects. In the fonowirig analysis,

onl;y'those forces given by potential flow theory will be considered,

' Flutber of the zirfoll-shaped body of revolution. Work on the
application of potential flow theory to bodlies of revolution for the '
dynamic cass has been done; by Miless and others. His solution for the
forces on bodies of revolution will be adapted and amployed for this
analysis of a closed body. For the incompressible case, ﬁilos glves for
the wolocity potemtial for a slonder body of rgmlution undergoing harmonic

motlion

9x, ¥, 8, %) = w(xRA(x) 2= 6PUT (3)

vhere X, r, 8, are nondimensional polar coordinates of the system and
Ut

TeT

U = velocity (carresponds to v)

t = time ‘

*1 = length of body, feet

w(x) = local ver.ical velocity

R(x) = radius of cross section of body of revolution at sta‘tion X

M = nass of body, pounds second squared per fool

- k2
kg

®» = circular frequency, radians per second

kl‘!.‘ = oot ) ' .

A}

> J. W. Miles, "On Non-Steady Motion of tlender Bodies." Aercnautdcal
Juarterly, Vol. 11, Part 3, November, 1950,
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This potential is subject 1o the conditions given by Lin, Reissner, and
Toten® far the validity of the linearization which are that the Mach
number times the slenderness ratio is much less than one and that the Mach
number tiﬁeg the slenderness ratio timea the reduced frequency ratio %1

is much lesé than one, namely

M6 « 1
and
Hoﬁkl <<l
where
, lvg. - kl
and

5 = slenderness ratio (diameter dlvided by length)
The preséure on the body may be evaluated at any point by means of the
linearized Bernouilli equation. - - ‘

prossure = -‘.). ’;—‘: - -pu(gﬁ; + ﬂ<1¢) (8

If m(x) 4s the .virtual pmass of a cross section at x, the local

transverse force may be calculated directly from Newton's law, namely,

\

%‘E L(x) -%g E(x)w(x)ei‘_”ﬂ | (%)

8. c. Lin, E. Reissner, and H. S. Tsien, "On Two-Dimensicnal
Non-Steady Motion of a Slender Body in a Corpressible Fluid." Journal
of Hathematics and Physics,27, pp. 220~231, October, 19L5.
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Since for a body of revolution m = np}’.z(x)
’ 4
._ngI; x) - U(%;[ + ikl) EpRQ(x)w(x)] elot (6)
vhere
L(x) = Fy = Fg # Fy (7

The aerodynamic moment is obtained by multiplylng the incremeatal Fp
by its lever arm to the axis of rotation. The moment is corposed of both

the noments due to rotation and translation. Thus

Mh:t!.-Mcx."Mh _ . (6)

-

Various operations will be performed on a.quat,ion (6) so that the
. forces and moments due to translation and rotat.ion of the body may be
determined. Two equations of motion in terms of agle of -attack (a) and
translation (h) with two unimowns, flutter speed and frequency, will be
obtained. The determinint to give other than a trivial solution will be
shown «

. Mwitiplying and dividing equation (‘6) by U and integrating over
the nondimensional length of the body, the i"ollmrlng expression is obdtalned

.for,fhe"fcz_‘ce,due to torsional oscillations

Fq ® -1 1}‘1 pﬂ2(g§ + 1k1) E(x) ‘.‘.é.’i);“ ol 4y (9)

. 2
S(x) = n(f-:-) at station x

Xx= ’i—-l- nondimensional distance ip x direction



o= %1- nondimensional distance to the axis of rotation (samo as e.a,)

g_%}_)_ - +%‘ {1 + ik (x - 0)]
L ux) ., W
. U ox
. simplifying equation (9) gives

pUzlzj; {5 ol v ey x - o>} + 5(x)tiga +
1k1css(x)|:1 + k) (x = o) T}em‘

factoring out & and reuriting equation (10) gives

o n?y2, (A [s(x) . B(x) . .,
Fa fo 1] laj;{té;_-:(l ikld)"ax iklx

25(x)k, = klzs(x)(x - o)-l} elot g

However,
. -J—dx - o
- ]; -0x

for a tody pointed at both ends, therefore

--pU212 f [ikxg( )+ 15(x)2 +

iwt

klzs(x)(o - x)} e dx

The corresponding moment due to rotation is

3F '
H-tfl—"'-(x-o)dx
a 0 ox

Lo

(10)

(11)

(12)

(13)



~ Applying equation (9) to equation (13)-gives
M, " -pUZIBafl (x = c)[is—gﬁ)-(l iky0) ; -a-s-(—-z-ikl +
7 0 ox
24, 5(x) + 1, 25(x) (o x)] et -y
Simplifying equation (14) and noting |
Jrl 35({x) |
0 ox ax =0
glves
o —2,3. L. 95(x), as
Ivla' -pU“l au[o [x '2;(_(1- ikj0) + ikl(x2 - xq) .é.x(_x.).+
2i%q (x = 0)s(x) - klas(x)(o - x)z] elt ax (15)
The force due to translation is

'-pUlf(2-+ikl>S(x)M o | (16)

where

W(X)'l;"imho-i%LU%p—-iklU%g

Simplifylng equation (16) and substituting for- w(x) givés

Cr ey Bo M as(x) tal Bl ] et
Ph pU=1 -l—,/(; [ax T"’ 1y U S(x) | e dx _ an
noting that

1 3s(x) -0

0 ox

glves
Fh - i-pUzlzklz -l;-efl S(x)ei“’t dx . (18)
o -



The corresponding monent duc to translation is
Hh--tf (x-a)——dx ] (19)
Substituting equation (16) in equation (19) gives _
e ea?3 Y (- oY b 1 W(x) dob o
Hh pUcY j; .(x Ao)<ax+ zkl> S(g){-—%—le dx . ~ (20)

Substituting w(x) = ik;U -1-;-'2 and simplifying equation (20) gives
1 o 25(x) .
My, = -pu213 ’;-SL (x- a)[iLl — kZS( )] ol g (21)

1' -
noting that g_s.(.lﬂdx =0 makes equation (21) become
o °x o

. -0l 13 f [11;11 35(x) - (x = olig S(x)] ot gy (22)

Evaluation of the "integralé found in the forces and moments was accomplished

by numerical integration and were deternined as follows:

j;l s(x) dx = u(o.lo}&)(o.o;) = 0,0L626 — (23)
< j;-l xS(x) dx = w{0.04298)(0.05) = 0.00674 . | (2L) -
j;l x25(x) dx = 1(04521370)(0.05) = 0.003355 : (25)
fo 1 x %25.‘2 = 27(~0.002107) = -0.0132 (28



] f 1.2 .2.5;(5). = 2r(~0.0019L8) = -0.01225 (27)
| 0 | |

'Beforé substituting the moment in equation (1), assume sim:lé
harmonic motion, namely ‘ '
h = hgeldt
h = holwe®?
Y plelot
.. goei“’t’ (28)
& = lwa eiet
’ a - -mzaoemt'

int

Zvery term in equations (1) and (2) will have an e tern so that

ei“f' may be divided out.
Substituting the values of the integrals in their appropriate places.
and then substituting the moment in equation (1) gives

h . h
eoll a + 025 1 <8 = C.a. + {-p01> 22 | -1k, (0.01321) -
a0 %" 7 a%o 1 1

(0.0067h - 9.016280)1:12] - pu13a, [—0.01321(1 - ik;0) -
ikl(b.ol225 - 0,013210) + 211;1(0.00671; - 0.016260) -
312(0.0162602 - 0.013480 + 0.603355)] } =0 | (29)
Orouping and corn'z;ining terms gives
ag i+ méla - Cq - p%13 [-04;31321 - 1, 2(0.016266° = 0,013LB0 + 0.003355) +

- B 2,3
ikl(0.00l?B - 00006100) "{' -3 ;SG + m 1 "ikl(OoOlel) -
(0.0067h - 0.01628 A)ig? | b =0 : " (30)



- S o
Dividing equation (30) by 'Iam2 and rearranzing terms gives
2
2 23 N EETI  E
| Ia(o I ' :
where s ‘ ' '
A = =0.01321 ~ k?(0.016260% - 001380 + 0,003355) ¢ .
ik1(0000123 - 0.006100)
and

A, = =ik (0.01321) - k,2(0.00674 - 0,016280)
Making the substitutions of k, = %ﬂ

S =

A Ao, h
3 .‘39.)2 .M 12 M2 | Bo

Operating on equation (2) as was dons on equation (1), namely, substituting

the integrals and then the forces in equation (1) gives
L2 2 2,2 2h Y, oee
+w Ba, ¥ T hy = Cpyhy + AU ky T {0.01620]4- l-pU 3 GOJ[-ikl(O.OlBQI) +

2ikl(o.01626) + k12(0.016260 - 0.0067L) ] = 0 « (33)



let . ' y r

Ay = 109+ Ky (0.016260 - 0.0067L)

- )\h = 0,01626

and
2
Kz - 3
Pl _
Dividing equation (33) by le,.mking the above substitutions, and

rearranging terms glves

A ‘o \8 2 A h ' |
%".——3- ao+ l-K&)(aﬁ 4-.__}4_... -2-0 (3h)
%, ©/\%a) |t |

£y .
let Q= (}f’j(l + ig) where g 1s the structurd dampilng coefficient.7

' ~ _h
The condition to have other than a trivial solution \agp = -59- - O)

of eguations (32) and (3L) 1s to have the determinant of the coefficlients
sct equal to zero.

This determinant consists of

[ ]
]_..g-._il.,- _Lz.__)_‘?____
Ky %K L :
18 r 1 %1 (S)'
-0 3
. M3 1 <‘*’h>29 A
T .2 “\o. * 2
| kl 2 e kl 2

75en Snilz, and Lee S. Vasserman, "Application of Three-
Dirensional Flutter Theory to Aircraft Structures." Air Corps Technical
Regert No. 4796, July, 1942,
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It can be shown that this determinant has no sclution for physical
values of the frequencies. This is perhaps due to an oversinmplification in

the derivation of the force:; and moments,

Flutter of the vented tube. York on the farces dus to internal flow
through a yented tube has been discussed by Bart,on.8 The acceleration forces
on a particle of air are discussed by Seeley and Ensign.’ The Berodynamic |
forces used in this analysis will be determined from the kinematica of the
internal flow and from considerations of the potential flow over the
cylinder. In the derivation of these forces the' contributions cdue to
rotational and translational motions are treated separately.

_Considering the case of rotational motion, ireat first the forces
and momenis arising' from the deflection of the air st.rea'.m t.hroﬁgh the
tube, that is, the internal flow. The force is assumed to act at the front

of the body and is given by

a

P_ = —npRUa . (36)
The associated moment about the axis of rotation is '

M, - “pazuzasl where S, « ol . (371)
The forces arising from the rotational velocity and accelerations

are ne:t congideraed.

' 8J. V. Barton, “The Effect of the Variatlion of Mass on the Dynawidc
Stability of Jet-Propelled Missiles." Journal of Aercnautical Sciences,
vol. 17, Ko. 11, November, 1950. .

91"‘red B. Seeley, and Kewton L. insign, Analytical Mechanics ;g
Engineers, Published by John iiley and ons, Inc.,.Chapter X1V,
sPe 390-395. , .
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The accelgrations. expeﬂenced by a particle mov‘ing alons a path as
"i‘the‘path rotates are (a) the accelerations the particle would experience if
the path were fixed and tf_xe particle moved along the path, (b) the
acceleration the particle would experience ifvit were fixed on the path and
the path were permitted to move, and (c) the Coriclis component @ tho
corpound supplenantary acceleration. Assuming that the streamlines are
deflected through the angle a and are not curved rela;tive to the axis of
the tube, the resultiﬁg farces experienced by the particle are illustrated
in Figure 1. The accelerations due to (a) are zero since there 18 no
venturi and no burning inside the veated tube. .

Integrating the differential forcev and d rfercntial moments aboﬁt the
axis of rotation over the volume of the tube ylelds the farces and moments

exertcd by the air on the tube. These integrals are

o i1 'R .
onoe ), f-a . L e e e

| (3)
oppe MR :
“a » ~p j{; f;\/_ g_yz . {ZUa(’x - Sl) +[(x - 51)2 a."}dz dy dx
and reduce to . |
.- 2..12_ -ZU '
) P, pnR™ @ (—2— Sll) 2pnR Ual (39)

¥, = -anzo.( 9127, + 5112 - }53- - 3—?—) - puR%Ual(l - 251)

" The differential forces and moments due to the external flow about
tlo tube due to rotational motion may be approximated by congidering the

tube infinite in lengih and evaluating equation (&) for the appropriate



lv:_-,
downwash distribution. Integration of the differential force and noment

yields .
2
P--ﬂpaz(%--sll>'a' |
; (ko)
M = -upaza(:-‘-'- «. 5912 - t) Ny
. 3_,-,81 Sl a
The f;abz]. fm‘ces and moments due to rotation are
2 ’ -
P = —ﬂpﬁz 123 ) a + Uch} - wazii (%- - slz) - 2«9&20&1
T ( . 5112 slz> a - 0Psya| = mpR® @ (-312; + 502 -
. 2 Samand 7 ’ .
Bd) - ma®ua(i - 28)) (12)

~For the case of translation a treatment similar fo that. glven far

-

rotation is employed.
The internal flow ylelds, as a result of nomentum changes, the
follomring forces and moments
P= -npazuﬁ
M, - nPRZUS)_l; _ - . (b2)

The forces and moments arising from-accelerations (refer to Figure 1h)

-~

integrate to

-

P = —npRzli;

M, = -npR° (%-2- - slz> h ' (L3).
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The external flowv yields the following

’ “-."‘_B.‘ "ﬂpﬁ2lg . .
The total forces and moments due to.translation are -

P= -an.Q(Uﬁ + 21h) - wprUR

M'-wmz{(‘ Sll)2h+(%-sl)U5}+
nRUS, o )

Sumning the forces and moments due to rotation:
Farce " Moment

Change of momsntum arising
fron consideration of the
farce acting at the front 2 2
of the tube -upR20 a HPRZU aSy

Cariolis component -2:1;:&2‘01& npﬁ2wa(2sl -1)

Acceleration the particle
would have if the path - -
were fixed and the pau-ticle
free to rove 0 : 0

Acceleration the particle ' c -
would have if it were ’
fixed on the path and the

e 2 2
path were free to move npRza.<Sll - -%-) ~-np32a (—Sl 1+ 5112 EEL)

External force and mament
assiring tube to be of 2 . . 3
infinite in length nQR2a(Sll - 12-) -wr?d (slzz - 518 + 13-)




Sumning the forces

Change in-momentum

Translatory acceleration
of the air particles

- External force

: «»
and moments due to translation:
Force | ¥oment
—neR2UM npRZ TUR
—«pﬁzﬁt' ’ ﬂpﬁzﬁ(sll - 152')
~xpR% wpﬁzﬁ(sll - 1;) |

Again assume harmonic motion and substitute the total moment and

force in equations (1) and (2), respectively. After making the substitutions

that

- fay\2
0-(';;) (L + ig)

and regrouping terms, equation‘ (15 becones



-5
bls, a2
+ )\2 - ——k—-—~ = 0

<

: | 2
k-;“[-f%-ﬂfz(ibsll* 2*1‘] * % JJ(%) 2 -# 2

and equation (2) becomes ' ‘ -,

1-;2!::;-;94 ﬁ%-zfﬂ+a;[:z;i'<§+%?l,-2h)] '.0

. h
The condition to have other than a trivial solution (ao = -i‘l - o) of the
above two equations is to set the determinant of the coefficients egqual to

zero. This determinant is as follows:

pey

[1b53 | 02, b2 " 21BN
R R R

1m0 HR o a) o 2 a)
- 1 ' _ - | ]

A sarple solution will be shown. ‘The parameters used correspond to the first

line of data in Tabls III, page 2% The evaluation of the parumeters in the
determinant ie as follows:
"2 = 0,10 ¢2 = 0.00482
r? = I_M = 0.6203 1 =28
I, = 0.0875 : Ay w2643
M = 0,110
# = 335.0
b = 1.25
Sy = 1.25

Al-0.0

. 28 = 8.,40/3.10 = 2.70
oy



The determinant becomes

-0a6122 - LXLZL g . %%2@- - 1.0127

Q0 00ITL  + o =0 .
o+ .OOk 3L _ 1.01L9 . =040 + 9%@ + %—ﬁ‘il% -
L Sk

For an assumed value of 1k of L,
oy, 2
- 00157h - 000017691 = ("“)€(1 "" 18)

a, ”
1) 2' 'i.mﬁcates a negative rreqﬁency and is of né interest. Thus, _
(‘-‘-’E) 2 = 0.1574
) ,
and :
g= o(;ﬁ;? - 0.0112

A series of 1/k's are assumed until a curve connecting the values
versects with the g = 0,03 line as shown on Figure 15.
. . ' , v
This value of 1/k 4is operated on to obtain Ef— as follows:

BR)

<h

@

828 1 . ¢,
odRL T " 6

' The flutter frequency ratio %Q 18 plotted against 1/k so that

the corresponding frequency ratio may be chosen. This patio “—‘31- is

~ £
divided into the structural frequency ratio % to obtain c%:. or §£ .
_ _ : ©q ] a
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The results of these flutter calculations have been tabulated on

®» )
Tables II and III (pages 7p and p3) and are plotted on Flgures 16 and 17.
DIVERGENCE

As previously defined, divergén’ce occurs whin the aerédyn&ndc m@t
is greater than the resfcoring moment. Therefore by 'equating _t.be
aerodynanic monent to the restoring moment, an equilibrium velocity can be
determined. Any veiocit.y gréater than the determined v'alocitx will result
in divergence of the system. The restoring monment for the supporting struts
for both conﬁ.gdrations is ka(a) vhere ka. is the torsion;l spring conat;ant
in foot pounds per radian and a 1s the angle of attack in radians. The
aerodynamic moment is not obtained as easily. ‘

) Allen of NACA in a paper entit.led rzstimation of the Forces and
Moments Actinz on Inclined Bodies of Revolution of High Fineness Ratio,"
. added & term to include viscosity to the aerodynamic moment determined by
Munk . '

Munk! s moment 1s

-1- g L “2 - 10

M, = -2(K2 - K1) Vol. qa
Alents modified'mmemt equation is

M, = -2 I:V_ol. - Sp(1 = xm:)] qa + nCchp(xm - xp)qa2
vhere the terms are defined as follows:
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Figure 16.- Variation of theoretical flutter speed coefficient with
density coefficient for the open-tube configuration.
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Figure 17.- Variation of theoretical flutter speed and divergence speed
coefficients with nondimensional center-of-gravity position x4 for

the open-tube configuration,
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noment in foot pounds

(Kp = Kl) Munk's longitudinal and transverse apparent. ‘mass coefﬁcient, for

Vol.

Allen's equation; (Kp ~K3) =1
volume of body 'of revolution, cubic feet
cross-sectional area of the bass of the body, squarerfeet
body length, feet 1 -

station of axis of moments, I'eet

2

dynanic pressure, pounds per square foot ; d

angle of attack, radians.

drag coefficient ratio, funct.ion of length to diameter ratio of body
of revolution ' ' |

section drag coefficient, function of Mach and Reynolds rumbars

plan-form area, square feet

distance of the centroid of the plan-form area from the bow, feet

Supplying value’s to Allen's equation based on the 65020 airfoil-

shaped body, the following constants are obtained

vol. = 0,249 cubic feet

Sb-O

1 = 2,5 feet

Xy =0
n = 0.62

c
dc

= 1,20

Ap - Ooéth - 0.611 x 0.5 x 2.5 -'0080

X = 1,25

_ p = 0.002378
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The equation now reads

M, = -2(0.2L9 = 0) Fx0.002378v% +
0462 x 1.2 x 0.80(0 - 1.25)2:02370 4.2

- | .
M, = -0.000592v%a ~ 0.000885v2a? |

Setting the aerodynamic moment ejual to the restoring moment:
0.000892v% + 0.000885v2a® = k a

k

2 . g
0.,000592 + 0,000885a

v

X
- [+4
v \ﬁ).ooo592 + 0.000835a

k = 2695 inch pounds per radian corresponding to the
data of Table I '
ka = ?1%5 = 21,7 foot pounds per radian

therefore

_ \/ 217
v *® ¥ 0.000552 + 0.000885¢
From the above expressicn it is seen that the divergence speed is
affected by angle of attack, Assune a very small for these tests,

AL - |
v ® V5000592 ~ VIl.s x 10k

v = 64} feet per second. Another calculation of the divergence speed for

therefore

the airfoil-shzped body based on the deriwved osciilating moment will be

given,
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The oscillating aerodynamic moment for the airfoil-shaped body 18
glven as equation (15) on page L1l. Since for torsional divergence k is

zero, this equation reduces to

My = -pv213a(-0.01321) (u6)
The rostorix-).g monent is defined as ) -
| ko = Iawaza - (L7)
Equating equations (L6) and (L7) and solving for v glves

Iaﬁf

Vg © \!913(0 .01321)

v = Iq
Y4 2.214»“\[;

The divergerce speed corresponding to the first data point of Table I

V" 2.21(2.82)(2:1)_\’%%% = W1 £t/sec

The divergence speed corresponding to the data of Table V (pages 29 .

sinces 1 = 2.5

’

(page 19) is

and 30) is )
0.00670

s 2,2 2
vd 2.21(9 5)(2"’) 0.00232

= 690 feot/sec

The asrodynamic moment for the open tube confipuration is ziven as
equation (L1) on page L8. Far the case of divergence, ® is zero and the
equation reduces to -

M a - waQ?ZS]_a



Equating this moment to the restoring moment and solving for v - glves

14
Vi rw
d a\l o pRZS]_

where
Sl = 1025
R = 0.25

[14

va = 2025 Y 3

therefore

~ The divergenco speed corresponding to the first line of thé data of Table II

(page 20) is

; [a.osého

\ 5.00055 = 380 ft/sec

vy = 2.02(2.10)(2n)

The divergence speed corresponding to the first line of the data of

Table III (page 21) is

.08
vy = 2.02(8.L)(2n) %.—85121% - 67TL £t/s0c

v .
The divergance specd coefficients -b—mé- have been calculated and are found
.

on Table III, page 2L
TORSIONAL INSTABILITY

For single-degree-‘-;:f-freedox;im'sioml flutter for the airfoil-

ghaped body, the differential eguation of motion is

!
-

- (X - = . N p
I,a - Ca+M, 0 \ (L&)



vhere M 1is glverf in equation (15) on page bl. For harmonic motion

equation (L8) becomes . _
2 3 - T 4 - 0-
Iwa, - Ca0e = pvzl a, |-0.01321 Lk€(0.016266 = 0.0L348 0+

0.003355) + 2&(0.001-23;» - o.ooélocﬂ =0 . - (L9)
The inaginary part of the equation must be zero so that ' '
. 2(0.00123 = 0.006100) = 0
or values k = 0, 0 = 0.,2015 give solutions.
The k =0 gives the divergence condition while 0 = 0. 2015 allows
flutter solutions. However, should structural damping be included other
values of k and o will allow solutions. '

The real part of the equation becomes

2,2
Imz-c-pVIB[.Olﬁl-g-v—;—k =0 (50)
where
A= (0.0162602 - o.onuac + 0.003355) = +0,4001300
2.3 2,5 .
o -l 9-"-‘—- (0.01321) + "“’ A =0 (51)
a. G‘
ar
2 3
g2 = 0.01321 -p—’%——

a

= (52)

it 5
\ 1491-‘—x

a

From equation (52) it may be seen that for .a specific test condition
the instability frequency cecreases with increasing velocity. An

$1lustration of the order of magnitude of the results may be obtained Ly



insorting values from Table IV (page 27) in equation (52). A sample

calculation will be made using the first test data on this table.

- ) 2
2 _ (0.0023)(293) (2. 5)_
(2n10.1) 0.,01321 0.0670

\ (0.0023)(2.5)5 '(o 20130)
1+ T 0.0670

m-

w =574 or fi=9.db cpSs

The curve of the change in instablility frequency with airspeed is

shown in Figure 18, and the values are given in Table IV, page 27,

63
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Figure 18,- Variation of the theoretical instability frequency with
airspeed for the airfoil-shaped body.
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GIAPTER VI
COMPARISON OF ANALYSES WITH EXPERIMALT

This chapter presents a corparison of the results of the ahalysea
with the experimental data on flutter, divergence, and torsionul instability.

FLUTTER

There was no cormparison made between experimental data and the.
flutter analysis for the airfoil-shaped body since the analysis ylelded no

| resu1't9.

The corparisons of analyses with experirental flutter data for the
vented tube configuration showed very goéd agreement, Tha calculations
showed both the trend (Table II, page 20) and magnitude (Table III, page 21)
of the flutter speed coefficients, The calculations showed the ‘trend of '
the flutter frequency parameters, whareas the calculated flutter frequencies
were higher than the experimental flutter frequencies.

DIVERGENCE

Since no divergence data was obtained and no expericental speeds
were attained as high as the analysis predicted for divergencs, no -
comparison can be made between experimental data and analysis for the
airfoil-shaped body. .

Com;:;arisoxlx of the eXperimental divergence spged with the analytical
divergence speed for thé open tube showed little agreement. For the same
configuration (a = 0? 'vd‘Exp. was approximately L0DO fps and vdAna was

671 fps. The ratio of speeds is 0.596.



TCRSIONAL INSTABILITY

Fron the anslysis for single-degree-of-freedom torsional flutter,
it was found that for one position of cent&-of—@'avity location (g = 0.2015
" or C.ge at 20 per cent chord) and aasmiixg gero structural damping, flutter
, would occur. The torsional flutter frequency would dscrease with increasing
alrspeed. Experimentally,-the frequency did decrease with hwmaﬁng
airspeed. A comparison of Flgure 18 with Figure 10 showed that the
analytical instability frequency de_crea.sed approximately as the experimental

instability frequency.



CHAPT:R VII
SUMMARY AND CONCLUSIOH

Summary. Results of experimontal tests of ‘flp—tper and divergence of
large massés at ends of ‘short struts are presented, Two basle configurations
were ?ested; (1) an open tube having provision for various nose and rear
sec't.ions, and (2) a body of revolution based on the NACA 65020 airfoil
secfc.ién. Flutter was obtained on both basic configurations. There was no
experimental divergence data to corpare ';ritt‘xanalysis for the airfoil-shaped
body configuratian: A single-degree-of-freedon tarsional instatility was
experienced when certaln nose ‘and rear .sections were installed on the open
tubes A similar instability was encountered on the airfoil-shaped bocb" when
the stiffer struts were used. Some of the effects of density and center-of-
gravity position on flutter of the vented tube were observed.

hnalytical inﬁeaéigations'are presented for flﬁtter, divergence, and
tarsional instability. ‘I‘hése analyses showed little agreement with

experinental data.

Conclusions. Conclusions for this experimental a;ld analytical
investigation may be enumerated as follows:
1. Flutter speed coofficients increased with decrease in
density for both basic configurations.
2. Flutter frequency remained essentian;f constant for

changing densit.y for botk configuraticus,
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3. , Flu‘r,.terl spaaed cocfficlent i1s essentially independent of
Vcent,cr-of-gravity position for the open tube when the c.g. wasvaried
as in these tests.’ g : '

' i, Flutter occurred when the c.g.was behind the elastic axis
and divergence occuwrred when the c.g. was ahead of the elastic axds.
5+ Torsional instabllity was encounterad with the tube for
certaln nose and rear section installations.

6. The effect of density on the instability speed coefficient
of the tube with hemisphere nosc and rear sections was similar to
that on the flutter speed coefficient., namely, that as the density
decreased, the instability speed coefficient increased.

' 7. The instahility frequency of the above-mentioned-
configuration remained constant with chancing density. '

8. Analytical flutter speeds showed good agrcement with
experiment both as to trend and magnit{ides for the vented tube
configjuration. , '

9+ The analysis for the airfoil shaped body of revoluticn '
ylelded no results. | |

10. The calculated divergence sSpeeds and i‘réquencies showed
good agreement with e:qoerimentél data,

11. The calculated torsional instability frequencles showed . .
good agreement wdih experimental torsional instébility frequencies.
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